Introduction
============

Cancer is a family of diseases characterized by the accumulation of variants in a subset of genes that confer a growth and survival advantage to the cell. The 518 protein kinase genes in the human genome (collectively called the kinome \[Manning et al., [@b43]\]) represent one of the largest families of genes that are mutationally activated or repressed in human cancers \[Futreal et al., [@b18]; Lahiry et al., [@b36]; Brognard and Hunter, [@b3]\]. Many known cancer-associated variants occur in the conserved protein kinase domain, which catalyzes phosphorylation \[Knighton et al., [@b33]; Zheng et al., [@b71]\] and provides regulation of complex signal transduction networks. The prominent roles protein kinases play in cancer initiation and progression have contributed to extensive studies on these proteins and, consequently, a wealth of data resulting from several "omic" efforts. Sequencing of the kinome from nearly 218 cancer types have resulted in over 17,000 non-synonymous variants in the protein kinase domain \[Parthiban et al., [@b52]; Li et al., [@b38]; Sim et al., [@b58]; Worth et al., [@b68]\]. Likewise, drug discovery efforts have resulted in several United States Food and Drug Administration approved drugs to target the cancer kinome, including the block buster drug imatinib \[Deininger et al., [@b12]; Simpson et al., [@b59]\], which targets the Abelson tyrosine kinase in chronic myeloid leukemia \[Izarzugaza et al., [@b28]\]. More recently, the kinome has been the focus of several proteomic efforts to map the signaling networks altered in cancer and drug-resistant states \[Kannan et al., [@b32]; Manning et al., [@b42]; Hashimoto et al., [@b22]; Dixit and Verkhivker, [@b14]\]. In addition, numerous investigator-initiated structural and comparative genomics studies have revealed the sequence and structural basis for protein kinase evolution \[Hanks and Hunter, [@b21]; Manning et al., [@b43]; Kannan et al., [@b32]; Lim and Pawson, [@b39]; Oruganty and Kannan, [@b50]\] and regulation \[Huse and Kuriyan, [@b26]; Taylor et al., [@b65]\]. These efforts have resulted in massive amounts of data that can potentially be used to accelerate the functional characterization of the cancer kinome by providing new testable hypotheses for experimental studies. In particular, distinguishing the causative "driver" mutations from the large number of harmless "passenger" mutations requires many hypotheses to be formulated and tested based on integrative analysis of existing data. However, the complex and disparate nature of protein kinase data sets, and the difficulties in integrating and analyzing large, complex datasets have hindered progress.

Information on kinase cancer variants is stored in various sources such as COSMIC \[Forbes et al., [@b17]\], KinMutBase \[Ortutay et al., [@b49]\], and cancer bioportals \[Cerami et al., [@b7]; Cline et al., [@b11]\]. Likewise, information on the structural and functional aspects of kinases is buried in the literature and scattered across diverse databases. Consequently, to answer simple questions such as "Which kinases have variants in the ATP or drug binding pocket?" or "Which pathways are altered by mutated kinases in cancer?", researchers must go through the time consuming and error prone process of collecting information from disparate sources and data formats, and post-processing the data through customized scripts and programs. This poses major challenges for bench biologists who do not have the resources or training to write customized scripts for post-processing. Moreover, writing customized software often leads to duplication of efforts across laboratories and does not scale well with the growing complexity and diversity of biological data.

Bio-ontologies, such as the Gene Ontology \[Ashburner et al., [@b2]\], have served as a vehicle of knowledge for the biological community for nearly two decades and provide a framework for integrating data in ways computers can read and humans can understand. To address the data integration challenge in the protein kinase field, we previously reported the Protein Kinase Ontology (ProKinO, <http://vulcan.cs.uga.edu/prokino>) \[Gosal et al., [@b19]; Gosal et al., [@b20]\], which provides a controlled vocabulary of terms and relations linking data on protein kinase sequence, structure, function, pathway and disease. Here, we expand the scope of ProKinO by conceptualizing information on conserved sequence and structural motifs that contribute to protein kinase allosteric regulation. We show that conceptualizing existing knowledge on kinase regulatory motifs in a machine readable format provides useful context for predicting variant impact, allows rapid comparisons of protein kinase sequences and structures across the kinome and enables hypothesis generation and reasoning over existing data. Furthermore, through iterative ontology querying, reasoning and experimental studies, we identify a novel mutational hotspot in the kinase domain and demonstrate the functional significance of the predicted mutations on epidermal growth factor receptor (EGFR) activation and drug sensitivity.

Methods
=======

Nomenclature
------------

The protein symbol and variant nomenclature used is in accordance with the Human Genome Variation Society (HGVS, <http://www.hgvs.org>) and the HUGO Gene Nomenclature Committee (HGNC, <http://www.genenames.org>), with one exception: we initially identify Protein Kinase A (PKA) with both the HGNC approved name (PRKCA) and the common abbreviation PKA, but subsequently use the common abbreviation alone. When referring to specific residue positions and mutations, we generally use the PKA numbering. However, in cases where the native protein numbering is specified, we indicate the equivalent PKA numbering as superscript.

Sequence Alignment Methods
--------------------------

Protein kinase sequences were aligned using the MAPGAPS program \[Neuwald, [@b46]\], as described previously \[Talevich and Kannan, [@b62]\]. The prototypic protein kinase A (PRKCA, PKA) sequence was used as the frame of reference for mapping equivalent residue positions in aligned kinase sequences. By considering the PKA equivalent position of a residue, we can identify and analyze interactions concerning residues in structural and sequence motifs across the kinome. This serves as an important starting point for providing structural and functional context for disease variants.

Modification of ProKinO Schema
------------------------------

To conceptualize information on kinase structural motifs and to provide context for cancer variants, we modified the ProKinO schema to add new properties to two classes, namely the *Mutation* class and *Motif* class. Two subclasses of *Motif* were also created, named *Sequence Motif* and *Structural Motif* (Fig.[1](#fig01){ref-type="fig"}). Instances of the *Sequence Motif* class represent important contiguous regions of kinase sequence, such as the twelve Hanks & Hunter subdomains \[Hanks and Hunter, [@b21]\], ATP binding pocket, gatekeeper position, C-helix, activation loop, DFG motif, HRD motif, G-loop, R-spine, C-spine, and so on that are commonly used to describe protein kinase structures. Each instance is assigned associated properties, such as the start and end location of the motif in both the native sequence and with respect to PKA. The *Structural Motif* class contains representations of spatial motifs formed by conserved residues that interact in three-dimensional structures. We implemented each instance of the *Structural Motif* class as a collection of *Sequence Motif* instances, linked using the *contains* relation. These classes were then linked to other classes in ProKinO using the relations shown in [Figure 1](#fig01){ref-type="fig"}. Specifically, the *Mutation* class was linked to the *Disease* and *Sequence* classes using the *implicatedIn* and *occursIn* relations, respectively. Likewise, the *Mutation* class was linked to *Motif* class using the *locatedIn* relationship. New instances were added to the *Mutation* and *Motif* classes to capture information on kinase structural motifs and subdomains.

![Schematic representation of protein kinase data and knowledge in ProKinO. Boxes denote ontology classes, with arrows showing relations between classes. Several classes (e.g., Gene, Motif, Sample) further show the attributes they store (e.g., Name, Primary Site, References) as well as examples of individual data instances (e.g., BRAF, p.V600E, DFG Motif).](humu0036-0175-f1){#fig01}

Methods Related to Ontology Population and Instantiation
--------------------------------------------------------

ProKinO is automatically populated from different data sources including Kinbase, UniProt, COSMIC, Reactome, and manually curated kinome alignments. The development steps of the software have been previously published \[Gosal et al., [@b19]\]. We made significant changes to the previous version of ProKinO, particularly to address the conceptualization of samples and motifs. Instances of some classes, such as the *Mutation* and *Motif* classes, store positional information such as residue numbers within the native protein sequence. To represent the kinome sequence alignment in ProKinO, we created two additional properties in these instances: *hasPKAStartLocation* and *hasPKAEndLocation;* these store the aligned start and end residue positions with respect to PKA. We added the *Sample* class and instantiated it using the data file provided by COSMIC, the same file that is used to instantiate the *Mutation* class. Each row in the file represents an instance (individual) of *Sample* in which an instance of the *Mutation* class is observed. The *Mutation* and *Sample* classes are connected by the *inSample* relation. For example, the instance of variant p.D549E^184PKA^ is connected to *Sample-E35170* with the *inSample* relation (Fig.[1](#fig01){ref-type="fig"}). In addition, we replaced the *Subdomain* class used in the previous version of ProKinO with the *Motif* class and introduced its two subclasses: *Sequence Motif* and *Structural Motif*. The latter is connected to the former using the "*contains"* relation and both inherit their parent relations. For example, KE Salt Bridge (an instance of *Structural Motif*) *contains* β3-lysine (an instance of *Sequence Motif*). The instances of these two classes and the relations between them are generated from the multiple sequence alignments of the human kinome.

Semantic Querying and Methods for Post-Processing Query Results
---------------------------------------------------------------

SPARQL is the W3C \[Prud and Seaborne, [@b53]\] recommendation for querying datasets structured according to the Resource Description Framework (RDF) \[Lassila and Swick, [@b37]\]. It can also be used to query ontologies represented using the Web Ontology Language (OWL), the language we use to represent ProKinO. Data in RDF and OWL ontologies is represented as statements in the form of subject-predicate-object triples (e.g., "EGFR *hasMutation* p.T790M"). The core syntax of SPARQL is a set of triple patterns, similar to an RDF triple except that any component in the triple pattern can be a variable. For example, "EGFR *hasMutation* ?mutation" is a SPARQL pattern which queries for all triples describing a variant in EGFR (e.g., "EGFR *hasMutation* p.T790M"). Triple patterns may be combined into conjunctions and disjunctions (optional patterns are possible, as well). SPARQL querying provides us with a method for extracting information from ProKinO and returning the requested data in a comma separated values (csv) file. Charts and graphs were generated from query results using Python v2.7 and the ReportLab graphing library \[Sanner, [@b55]\]. Protein structure images were created using PyMol \[DeLano, [@b13]\], whereas word cloud images were generated using Wordle \[Feinberg, [@b73]\].

Protein Expression and Immunoblotting
-------------------------------------

Full-length GFP-EGFR (wild type \[WT\]) was used to generate point variants, p.R748K, p.R776C, p.R776H, p.R831C, p.R831H, p.R831L, p.R832C, p.R832H, p.R836C, and p.R841K, using QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Inc., Santa Clara, CA, USA). Point variants were confirmed by DNA sequencing. Plasmids (1 μg/μl), purified by Maxi-prep kit (Qiagen, Venlo, Limburg, NLD), were used to transiently transfect CHO cells. CHO cells were cultured in Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum and were plated at a density of 3 × 10^5^ cells in 60 mm plates. Transfection was performed using lipfectamine-2000 (Invitrogen, Waltham, MA, USA) according to manufacturer\'s protocol. Transfected cells were allowed to grow for 24 hr followed by serum starvation in Ham\'s F12 media for 18 hr.

To detect autophosphorylation of EGFR, cells were stimulated with 100 ng/ml EGF (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. Cells were washed with PBS and lysed in buffer containing 50 mM Tris HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1% TritonX-100, and protease inhibitor cocktail (Millipore, Billerica, MA, USA). Cell lysates were centrifuged at 1000 rpm for 5 min and total proteins were resolved on SDS-PAGE and transferred on PVDF membrane for Western blot analysis. Total EGFR level was detected by GFP and auto-phosphorylation was analyzed using p.Y845, p.Y992, p.Y1045, p.Y1068, and p.Y1173 antibodies (Cell Signaling, Danvers, MA, USA). The effect of WT and mutant EGFR on phosphorylation of the downstream signaling protein STAT3 was monitored using pSTAT3 and the total protein amount was detected with STAT3 antibodies (Cell Signaling, Danvers, MA, USA).

Gefitinib Treatment
-------------------

To monitor the effect of gefitinib on WT and mutant (p.R776H^105PKA^) EGFR, CHO cells were cultured, transfected, and starved as described above. Before stimulation with EGF, cells were treated with 0, 0.001, 0.01, 0.1, 1.0, and 10 μM of gefitinib for 1 hr in Ham\'s F12 media. After 1 hr, stimulation was performed for 5 min by adding 100 ng/ml EGF in the media already on the plates. Cell lysates were processed as described above. Total and phosphorylated proteins were analyzed as indicated.

Ontology Verification
---------------------

To ensure the accuracy of the data presented in this article and in ProKinO as a whole, we took various measures to validate that the populated ontology is consistent with its underlying sources. We implemented a manual validation process on a randomly selected subset (1%) of kinases. For each selected kinase, the associated ontology data was collected using the ProKinO browser (<http://vulcan.cs.uga.edu/prokino>) and cross-checked with the appropriate parent sources. For example, data in the *Mutation*, *Disease*, and *Sample* classes is sourced from COSMIC. From a mutation instance in the ProKinO browser, we followed the link to the originating COSMIC record and validated the specific data. To ensure that no data is missing, we searched COSMIC by gene name and verified that the number of records returned matches the number of variants for that gene in ProKinO. The ontology was validated against other data sources in a similar manner.

Next, we validated our multiple sequence alignment of the human kinome. We visually inspected the alignment to verify that key sequence motifs (e.g., HRD and DGF motifs) and core hydrophobic residues are aligned correctly. For variants mentioned in this article, we performed structural alignments (when crystal structures were available) to verify structurally equivalent positions. Finally, to rigorously ensure the accuracy of ProKinO data on a large scale, we developed a suite of test applications. These applications automatically compare the data in the ontology with the corresponding original data sources for consistency. The absence of disparities between output files produced by the test applications indicates consistency between ProKinO and original data sources.

Results and Discussion
======================

Conceptualizing Kinase Sequence and Structural Motifs in ProKinO Provides a Framework for Knowledge-Based Mining of Cancer Variants
-----------------------------------------------------------------------------------------------------------------------------------

Several conserved structural motifs associated with protein kinase activation and regulation, such as the lysine glutamate (KE) salt bridge, hydrophobic spine, and RD pocket, have been identified through detailed structural studies on PKA \[Taylor et al., [@b64]; Taylor et al., [@b65]; Kornev and Taylor, [@b35]\] and related members of the protein kinase super-family \[Johnson et al., [@b30]; Sicheri et al., [@b57]\]. Although these motifs are widely used to compare protein kinase structures and explain kinase activation mechanisms, they have not been systematically used to predict variant impact because knowledge on kinase structural motifs is buried in the literature and not represented in a machine-readable format. Inconsistencies in residue numbering between sequence data sources further complicates mapping of variants to crystal structures and comparisons across the kinome. To address these issues, we have developed a consistent numbering scheme (see *Methods*) using the prototypic PKA as the frame of reference. Furthermore, we have introduced new concepts, relations, and instances in ProKinO to represent protein kinase structural knowledge using the same semantics and terminologies used in the literature (Fig.[1](#fig01){ref-type="fig"}; *Methods*). For example, the *Motif* class captures knowledge on the sequence and structural motifs associated with kinase functions, while the *locatedIn* relation between the *Motif* and *Mutation* classes captures the information linking variants to sequence and structural motifs (Fig.[1](#fig01){ref-type="fig"}). Such conceptual representation of knowledge in a machine-readable ontology enables integrative analysis of existing data in ways not possible through other resources. Complex aggregate queries relating cancer variants to kinase structural motifs can be rapidly performed using the ontology, while performing the same queries otherwise will require the user to first retrieve data from various sources such as PDB, COSMIC, and UniProt, and post-process data using customized scripts. Below, we demonstrate the utility of ProKinO in cancer kinome mining and annotation using the knowledge conceptualized on conserved motifs associated with kinase function and regulation. We use the PKA residue numbering throughout while referring to residues and variants in conserved motifs, unless otherwise noted.

Identification of Variants in the RD Pocket and Predicted Impact
----------------------------------------------------------------

The canonical RD pocket is a structural motif formed by basic residues from three regulatory regions of the kinase domain: the C-helix (p.H87), the HRD motif in the catalytic loop (p.R165) and the activation loop (p.R189) (Fig.[2](#fig02){ref-type="fig"}A). The RD pocket concept is widely used in the literature to explain the structural basis of activation loop phosphorylation, a mode of regulation utilized by many kinases \[Johnson et al., [@b30]\]. The negatively charged phosphate group of a phosphorylated serine, threonine or tyrosine residue in the activation loop coordinates with the positively charged residues in the RD pocket. This coordination provides a framework for allosteric regulation by positioning key functional elements, such as the C-helix and activation loop, in a catalytically competent conformation \[Jeffrey et al., [@b29]; Russo et al., [@b54]; Yamaguchi and Hendrickson, [@b70]\].

![RD Pocket variants. A: Phosphorylated threonine interacting with basic residues from the RD pocket (PDB:1ATP). Lack of coordination of RD pocket residues when the activation loop is not phosphorylated (PDB:2F7E). B: Variants at activation loop phosphosites. C: Variants in the *canonical* RD pocket kinases shown as amino acid logos in which the size of the letter is proportional to the frequency of occurrence of the corresponding amino acid. The top panel shows amino acid counts in wild type (WT) proteins and the bottom panel shows the mutant (MT) forms. D: Variants in the *non-canonical* pocket kinases, shown as described in C. E: Sample primary sites with variants in the canonical RD pocket positions.](humu0036-0175-f2){#fig02}

While most serine/threonine kinases use the canonical RD pocket residues to coordinate with the activation loop phosphate, non-canonical pockets have been described in which the pocket residues emanate from different structural locations. In the JAK2 JH1 domain (PDB: 3E63), for example, the canonical RD pocket residues are not basic even though JAK2 is regulated by activation loop phosphorylation. However, JAK2 conserves three lysines, two in the activation loop (p.K1005^145PKA^, p.K1009^148PKA^) and one N-terminal of the F-helix (p.K1030^169PKA^), that coordinate with the phosphorylated tyrosine residues (p.Y1007^147PKA^) in the activation loop \[Lucet et al., [@b40]\]. For our analysis, we classified RD pockets into canonical and non-canonical based on the nature of amino acids observed at PKA equivalent positions 87, 165, and 189. Kinases that contain basic residues (R/K/H) at positions structurally equivalent to the RD pocket positions in PKA are classified as canonical while others, such as JAK2, are classified as non-canonical.

Given the functional role of the RD pocket, one can ask the following questions: "In which kinases, if any, are RD-pocket variants observed in cancer samples?" and "How do these variants alter the RD pocket and which of the variant kinases are regulated by activation loop phosphorylation?" Answering these questions typically involves retrieval of data from various data sources such as COSMIC, UniProt, and PDB followed by post-processing to identify variants mapping to the RD pocket. However, because the concept "Canonical RD Pocket" is represented by the *Structural Motif* class in ProKinO, the above questions can be answered rapidly by querying the ontology. A query requesting variants in the RD pocket revealed multiple kinases with recurrent variants at pocket positions (Table [1](#tbl1){ref-type="table"}). Analysis of amino acid types at the pocket positions in WT and mutant forms indicate that the basic property of the pocket residues is altered in many cancer samples (Fig.[2](#fig02){ref-type="fig"}C--E).

###### 

A Subset of RD-Pocket Variants Shown with Related Pathway and Reaction Data

  --
  --

The full set of variants can be found by executing example query 15 on the "Canonical RD Pocket" motif, located at <http://vulcan.cs.uga.edu/prokino/query/Q15> or in [Supp. Table S1](#SD1){ref-type="supplementary-material"}.

In the cell cycle check point kinase-2 (CHEK2), for example, the RD-pocket variants p.R165C, p.R165H, p.R165G, and p.R165S have been observed in cancers. Queries requesting the reactions and pathways associated with kinases harboring RD pocket variants reveal that CHEK2 controls multiple pathways associated with cell cycle control and DNA damage repair upon activation loop phosphorylation \[Xu et al., [@b69]\] (Table [1](#tbl1){ref-type="table"}). Based on this contextual information, one can formulate the testable hypothesis that CHEK2 RD pocket variants impact cell cycle control by impairing CHEK2 regulation via activation loop phosphorylation.

While the majority of variants in the RD pocket replace a basic residue with a polar or hydrophobic residue, in some cases, a potential canonical pocket is formed because of the variant. In PRKCQ and PRKCB, for example, a WT cysteine (at PKA position 87 in the C-helix) is mutated to an arginine (Table [1](#tbl1){ref-type="table"}). This variant is predicted to coordinate with the activation loop phosphate in a manner analogous to a canonical RD pocket.

To investigate how the phosphorylation sites in the activation loop are altered in human cancers, we used the modified residue property in the *Functional Feature* class and instances of the *Motif* class to identify variants that alter phosphorylated serine, threonine or tyrosine residues in the activation loop. Our analysis revealed multiple phosphorylated tyrosine residues that are mutated to a serine or aspartate (Fig.[2](#fig02){ref-type="fig"}B). These variants are interesting because replacement of tyrosine by serine, as observed in ALK and PDGFRA ([Supp. Table S1](#SD1){ref-type="supplementary-material"}), is predicted to rewire signaling networks by introducing a new phosphorylation site \[Tan et al., [@b63]\]. On the other hand, replacement of phosphorylated tyrosine by an aspartate may constitutively activate the kinase, with the negatively charged aspartate functioning as a phosphomimic.

Variants in the Lysine Glutamate (KE) Salt Bridge Interaction
-------------------------------------------------------------

The lysine glutamate salt bridge is a structural motif formed between a conserved lysine (p.K72) in sub-domain II and a glutamate (p.E91) in sub-domain III (C-helix). Although the KE salt bridge interaction is formed in most active structures, it is broken in many inactive structures due to repositioning of the flexible C-helix (Fig.[3](#fig03){ref-type="fig"}A) \[Jeffrey et al., [@b29]; Wenqing et al., [@b67]\]. The KE salt bridge terminology is widely used to describe kinase activation and regulatory mechanisms, but has not been systematically studied in the context of cancer variants.

![KE salt bridge variants. A: Salt bridge between lysine (p.K72) in the β3 strand and glutamate (p.E91) in the C-helix. ATP is shown in black sticks (PDB:1ATP). B: Somatic cancer variants mapping to p.K72 and p.E91. The top panel shows amino acids observed at that position in WT human kinases. The bottom panel shows the amino acids observed at the corresponding positions in mutant (MT) kinases. C: Sample primary sites with variants in the salt bridge positions.](humu0036-0175-f3){#fig03}

To determine if the KE salt bridge is altered in cancers, we incorporated the "KE Salt Bridge" concept in the *Structural Motif* class. Using the *locatedIn* relation between the *Structural Motif* and *Mutation* class, we queried for variants mapping to the KE salt bridge (Table [2](#tbl2){ref-type="table"}). p.K72 is predominately mutated to an asparagine, threonine, arginine or glutamate in many kinases (Fig.[3](#fig03){ref-type="fig"}B) across a variety of tissues (Fig.[3](#fig03){ref-type="fig"}C). These variants are predicted to inactivate the kinase, as mutational studies in PKA and other kinases have shown that mutation of p.K72 to an arginine abrogates kinase catalytic activity \[Iyer et al., [@b27]; Strutz-Seebohm et al., [@b61]; Zhong et al., [@b72]\]. p.E91 is mutated to a lysine in a significant number of kinases and these variants are also predicted to inactivate the kinase by introducing a repelling electrostatic interaction with p.K72. One may suspect that a double variant, p.\[(K72R; E91D)\], could establish a similar salt bridge. However, this combination has not yet been observed in a sequenced cancer sample. Only two kinases, PRKG1 and TGFBR2, have somatic variants sequenced at both positions, but these were detected in distinct samples ([Supp. Table S2](#SD2){ref-type="supplementary-material"}).

###### 

A Subset of KE Salt Bridge Variants Shown with Related Pathway and Reaction Data

  --
  --

The full set of variants can be found by executing example query 16 on the "KE Salt Bridge" motif, located at <http://vulcan.cs.uga.edu/prokino/query/Q16> or in [Supp. Table S2](#SD2){ref-type="supplementary-material"}.

Although the majority of variants altering the KE salt bridge are predicted to impair catalytic activity, it is unclear if they will impact kinase scaffolding functions, as demonstrated for some pseudokinases \[Kornev and Taylor, [@b34]; Hu et al., [@b25]\]. Notably, some of the kinases harboring variants at p.72 are predicted pseudokinases, including the kinase suppressor of Ras 1 (KSR1) and ERBB3, while the Vaccinia-related kinase 2 (VRK2) is a predicted pseudokinase that harbors variants at p.E91 (Table [2](#tbl2){ref-type="table"}).

Variants Mapping to the Hydrophobic Spine
-----------------------------------------

The hydrophobic spine is a structural motif encompassing residues from different regions of the kinase domain. The hydrophobic spine terminology was introduced \[Kornev and Taylor, [@b35]\] to describe the conserved hydrophobic interactions spanning the ATP and substrate binding lobes of the kinase domain. It is classified into the catalytic (C-) and regulatory (R-) spines based on their proposed role in kinase functions. The R-spine (consisting of PKA residues p.L95, p.L106, p.Y164, p.F185 and p.D220) is dynamically assembled upon kinase activation and is proposed to play a regulatory role. The C-spine is completed upon ATP binding and is believed to play a role in ATP binding and catalysis (Fig.[4](#fig04){ref-type="fig"}C). To provide structural context for variants that map to the hydrophobic spines, we introduced two new concepts in ProKinO: the "Catalytic Spine" and the "Regulatory Spine"; and related these concepts to the *Mutation* class using the *locatedIn* relation. The concepts are included as part of the *Structural Motif* class and instantiated with residues that define the spine in each kinase (see *Methods*). Utilizing this conceptual representation, we formulated a query to identify kinases with variants in the C- and R-spine positions.

![The hydrophobic spines. A: Wild type (WT) and mutant (MT) residues for the Catalytic spine. B: Distribution of sample primary sites with C-spine variants. C: Catalytic (yellow, left) and regulatory (red, right) spines. The F-helix is colored brown and adenosine triphosphate (ATP) is depicted as black sticks (PDB:1ATP). D: WT and mutant residues for the R-spine. E: Distribution of sample primary sites for Regulatory spine variants.](humu0036-0175-f4){#fig04}

Within the R-spine, p.F185 and p.D220 are among the most frequently mutated residues (Fig.[4](#fig04){ref-type="fig"}D). p.F185 is located in the conserved DFG motif and undergoes a conformational change from a "DFG-out" conformation in the inactive state to a "DFG-in" conformation in the active state, resulting in the assembly of the R-spine \[Bukhtiyarova et al., [@b5]\]. Mutation of p.F185 to an aspartate or asparagine results in loss of catalytic activity in PKA and other kinases \[Meharena et al., [@b45]\]. Our queries revealed similar recurrent variants in BRAF and EGFR at position p.F185, which we predict to inactivate the kinase by destabilizing the R-spine (Table [3](#tbl3){ref-type="table"}). p.D220, a conserved R-spine residue in the F-helix that is mutated in multiple cancers (Fig.[4](#fig04){ref-type="fig"}E), maintains the backbone conformation of the catalytic HRD motif in a "strained" conformation in the active state and loss of this conformational strain is correlated with the disassembly of the R-spine and kinase inactivation \[Oruganty et al., [@b51]\]. Variants that disrupt the hydrogen bonding interaction between p.D220 and the HRD motif backbone (p.D220A and p.D220N) have been shown to abrogate catalytic activity \[Meharena et al., [@b45]; Oruganty et al., [@b51]\]. Based on this information, we predict that the asparagine variants observed at position p.D220, as in TGFBR2 ([Supp. Table S3](#SD3){ref-type="supplementary-material"}), inactivate the kinase.

###### 

A Subset of Regulatory Spine Variants Shown with Related Pathway and Reaction Data

  --
  --

The full set of variants can be found by executing example query 18 on the "Regulatory Spine" motif, located at <http://vulcan.cs.uga.edu/prokino/query/Q18> or in [Supp. Table S3](#SD3){ref-type="supplementary-material"}.

Our queries also reveal recurrent variants in the C-spine (Fig.[4](#fig04){ref-type="fig"}A and [Supp. Table S4](#SD4){ref-type="supplementary-material"}) in a variety of tissue types (Fig.[4](#fig04){ref-type="fig"}B). PKA residue p.A70 forms hydrophobic interactions with the adenosine group of ATP and is one of the most frequently mutated C-spine residues. The small size of the alanine side-chain is important for accommodating ATP \[Hu et al., [@b25]\]. As many of the variants observed at p.A70 increase amino acid size (Fig.[4](#fig04){ref-type="fig"}A), they are predicted to sterically block access to the ATP binding site. Recent studies on the RAF kinases have shown that mutation of p.A70 to a phenylalanine impairs ATP binding, but retains the scaffolding functions of the kinase \[Hu et al., [@b25]\]. Thus, even though C-spine variants are likely to impair ATP binding and catalysis, scaffolding functions may be retained. We used information from the *Reaction* and *Pathway* classes captured in ProKinO to obtain insights into the scaffolding functions associated with mutated kinases. Kinases harboring C-spine variants are activated by dimerization and interacting partners in signaling pathways (Table [4](#tbl4){ref-type="table"}). This information can be used to generate hypotheses regarding the impact of C-spine variants on kinase catalytic and scaffolding functions. Together, these examples demonstrate how mining cancer variants in the context of structural motifs and pathways can provide new hypotheses for experimental studies.

###### 

A Subset of Catalytic Spine Variants Shown with Related Pathway and Reaction Data

  --
  --

The full set of variants can be found by executing example query 17 on the "Catalytic Spine" motif, located at <http://vulcan.cs.uga.edu/prokino/query/Q17> or in [Supp. Table S4](#SD4){ref-type="supplementary-material"}.

ProKinO Provides a Framework for Hypothesis Generation and Testing
------------------------------------------------------------------

To validate the utility of ProKinO in knowledge discovery and hypothesis testing, we performed iterative querying while assuming minimal prior knowledge of kinase structure and function. Below we demonstrate how the iterative querying process, followed by experimental studies, resulted in the identification of a novel mutational hotspot in the kinase domain.

Hypothesis Generation Through Iterative Ontology Querying
---------------------------------------------------------

Since information on wild and mutant type residues is captured for each nonsynonymous variant, we began by asking a simple question: "Are certain amino acid types more frequently mutated in the kinase domain?" We translated this question into a SPARQL query using the information conceptualized in ProKinO. Our query revealed that arginine is the most frequently mutated residue in the kinase domain (Fig.[5](#fig05){ref-type="fig"}A). Based on this knowledge, we next formulated a query to identify the kinases harboring arginine variants. The results depicted in [Figure 5](#fig05){ref-type="fig"}B show that arginine variants are found in a diverse array of kinases, but with the greatest frequency in EGFR. Using the *Gene* and *Sequence Motif* classes and the *locatedIn* relation between them, we queried for the structural location of the arginine variants in EGFR (Fig.[5](#fig05){ref-type="fig"}C). Two of the arginine residues (p.R836^165PKA^ and p.R841^170PKA^) are found in subdomain VIb and are part of the RD pocket and substrate binding pocket, respectively. The other arginine residues (p.R748^75PKA^, p.R776^105PKA^, p.R831^160PKA^, and p.R832^161PKA^), on the other hand, are not part of any known functional site, but are frequently mutated in cancer samples.

![Iterative querying and hypothesis generation. A: Plot showing the frequency of each amino acids mutated in cancers in the protein kinase domain. B: Wordle image showing kinases harboring arginine variants. The text height is proportional to the number of arginine variants observed in the corresponding kinase domain. C: Locations of EGFR arginine variants in the crystal structure (PDB:1XKK). Subdomains are colored and labeled. D: Western blot results showing constitutive activity of p.R776^105PKA^ mutants in the absence (−) and presence (+) of activating EGF ligand. E: EGFR auto-phosphorylation and downstream signaling of wild type and p.R776H^105PKA^ mutant inhibition with varied concentrations of gefitinib.](humu0036-0175-f5){#fig05}

Experimental Characterization of Arginine Variants in EGFR
----------------------------------------------------------

To understand the functional impact of arginine variants in EGFR, we analyzed the associated pathways and reactions in ProKinO. EGFR is a receptor tyrosine kinase that controls a diverse array of cellular processes associated with cell migration, adhesion and proliferation. Its constitutive activity has been correlated with several cancer types and a variety of commercial inhibitors have been developed to abrogate this activity \[Lynch et al., [@b41]\]. Autophosphorylation of EGFR is one of the well-studied reactions in EGFR signaling, in which binding of EGF to the receptor activates the kinase domain and leads to autophosphorylation of Tyr residues (p.Y845^174PKA^, p.Y992^0PKA^, p.Y1064^0PKA^, and p.Y1173^0PKA^) in the C-terminal tail \[Helin and Beguinot, [@b24]; Margolis et al., [@b44]; Walton et al., [@b66]\], and downstream phosphorylation of proteins such as the transcription factor Stat3 \[Chan et al., [@b8]\]. Based on this knowledge, we formulated a testable hypothesis that causative arginine variants will impact EGFR autophosphorylation and Stat3 phosphorylation. To test this hypothesis, we transfected WT and mutant EGFR in Chinese hamster cells (which express very low levels of EGFR) and probed for phosphorylation of EGFR C-terminal tail and Stat3 tyrosine residues using western blot analysis, as described in the *Methods* section.

The substrate binding pocket variant (p.R841K^170PKA^) abrogates EGFR activity to the same extent as the catalytically dead variant (p.D855G^187PKA^) (Fig.[5](#fig05){ref-type="fig"}D). In contrast, mutation of p.R831^160PKA^, p.R832^161PKA^, or p.R836^165PKA^ shows no significant change in C-terminal tail and Stat3 phosphorylation compared to WT. Interestingly, however, p.R776C/H^105PKA^ variants increase EGFR activity in the absence of the activating EGF ligand. The extent of EGFR activation by p.R776C/H^105PKA^ is comparable to p.L861Q^190PKA^ (Fig.[5](#fig05){ref-type="fig"}D), a well-known lung cancer variant that also activates EGFR in a ligand independent manner \[Choi et al., [@b10]\]. Cancer cells harboring p.R776C/H^105PKA^ variants in EGFR respond better to treatment with inhibitors \[Lynch et al., [@b41]\]. Consistent with previous studies, our experimental results indicate increased sensitivity of the EGFR p.R776H^105PKA^ mutant to gefitinib treatment in comparison to WT (Fig.[5](#fig05){ref-type="fig"}E).

Position 776^105PKA^ in the αC-β4 Loop is a Mutational Hotspot
--------------------------------------------------------------

To obtain additional insights on the mechanisms by which p.R776^105PKA^ variants activate EGFR and confer drug sensitivity, we posed the following question: "Is the residue equivalent to p.R776^105PKA^ mutated in other kinases?". If so, "What is the nature of WT and mutant type amino acids observed at the p.R776^105PKA^ position?" Because protein kinases are evolutionarily related and structurally conserved, analysis of kinases with variants at structurally equivalent positions can reveal shared mechanisms of mutational activation and drug inhibition. Likewise, analysis of kinases naturally conserving mutant types at equivalent positions can provide insights into the impact of variants on kinase structure, function and drug binding. We queried for variants at position p.776^105PKA^. Our queries indicate multiple kinases with disease variants at position p.776^105PKA^ in the αC-β4 loop (Fig.[6](#fig06){ref-type="fig"}A). The αC-β4 loop serves as a hinge point for C-helix and inter-lobe movement and variants in the loop contribute to abnormal kinase regulation in FGFR and PDGFR \[Chen et al., [@b9]; Kannan et al., [@b31]\].

![Mechanisms of activation of p.R776H^105PKA^ and p.R776C^105PKA^ variants in EGFR. A: Kinases with variants at position p.R776^105PKA^. The text height is proportional to the number of variants. B: Crystal structures (PDBs: 2ITU, 2GS2, and 3GT8) of EGFR showing common p.R776^105PKA^ orientations. Inactive structure shows a common C-helix capping interaction, whereas active structures instead coordinate with the hinge region and C-terminal tail. Bottom shows kinase structures with naturally occurring cysteine (PDB: 3V5W), histidine (PDB: 2REI) and glycine (PDB: 3HDM) at position p.R776^105PKA^.](humu0036-0175-f6){#fig06}

Based on this knowledge and our query results, we hypothesized that p.R776C/H^105PKA^ variants activate EGFR by relieving auto-inhibitory hinge interactions associated with C-helix movement (Fig.[6](#fig06){ref-type="fig"}B). Consistent with this view, comparisons of C-helix "in" (active) and C-helix "out" (inactive) conformations indicates loss of capping interaction between p.R776^105PKA^ side-chain and C-helix backbone upon C-helix movement (Fig.[6](#fig06){ref-type="fig"}B). Furthermore, analysis of kinases that naturally conserve a histidine or cysteine at position p.776^105PKA^ (analogous to the mutant types in EGFR) indicate that, in these kinases, the C-helix is held in an active "in" conformation and the C-helix hinge interactions are partially mediated by conserved water molecules. We also note that in EGFR, p.R776^105PKA^ is within hydrogen bonding proximity to the C-terminal auto-inhibitory AP2-helix, suggesting that both auto-inhibitory C-helix hinge and C-terminal tail interactions may be relieved by the p.R776C/H^105PKA^ variant. Further studies are needed to fully understand the mechanisms by which the p.R776C/H^105PKA^ variant activates EGFR.

Concluding Remarks
==================

We have demonstrated that ProKinO is a valuable resource for mining and annotating the cancer kinome. In particular, the conceptual representation of knowledge related to structural and functional motifs allows effective mining of cancer variants while facilitating hypothesis generation and testing. Our ontological approach is conceptually different from previous structure and machine learning based approaches to predict variant impact \[Capriotti and Altman, [@b6]; Shi and Moult, [@b56]; Hashimoto et al., [@b22]; Izarzugaza et al., [@b28]; Dixit and Verkhivker, [@b14]\]. Aggregate queries such as "the number of activation loop variants in each kinase", or "the number of mutated kinases involved in each pathway" can be rapidly performed using ProKinO and provide the information necessary to generate hypotheses for experimental studies. Through the iterative process of ontology querying, reasoning, hypotheses generation and testing, we have identified a novel mutational hotspot in the αC-β4 loop region of the kinase domain and demonstrated its functional relevance in EGFR activity and drug sensitivity.

Computational approaches, like those available in the Cancer Related Analysis of VAriance Toolkit (CRAVAT) \[Douville et al., [@b15]\], have proven useful in separating likely driver variants from passenger. However, by making predictions on all proteins, they necessarily miss the wealth of knowledge stored in domain specific and single locus databases, and further don\'t provide the structural context necessary to frame a testable hypothesis. The results presented here will serve as a conceptual starting point for experimental studies and help prioritize key variants and mutated kinases for functional characterization and drug discovery \[Simpson et al., [@b59]; Brognard et al., [@b4]; Eglen and Reisine, [@b16]; Antal et al., [@b1]\].

While ProKinO offers several utilities for integrative analysis of protein kinase data, it needs to be further developed to fully realize its impact in kinase research. For example, sequence and structural motifs that contribute to the functional specificity of major kinase groups and families can be added in the *Sequence* and *Structural Motif* classes to explore how variants impact family or group specific functions. Network analysis on missense variants has revealed their preponderance in protein--protein, protein--nucleic acid, and protein--ion interfaces and validated that proteins involved in signal transduction are more frequently mutated in cancer \[Nishi et al., [@b48]\]. These interaction interfaces can provide the context crucial to predict variant impact. Likewise, incorporating information on kinase substrates and phosphorylation patterns can provide additional functional context for predicting variant impact \[Hanks and Hunter, [@b21]; Ashburner et al., [@b2]; Lim and Pawson, [@b39]\].

Finally, user-friendly interfaces need to be incorporated to facilitate integrative analysis of ProKinO data by a wide range of scientific users. In particular, SPARQL query construction requires both an in-depth knowledge of the SPARQL query language and a semantic understanding of the ontology. We are working on a graphical query builder, which will allow the formulation of queries by visually inspecting the classes and relations in the ontology schema. This will allow biologists who are not familiar with the SPARQL query language to formulate integrative, hypothesis-oriented queries on ProKinO data. As part of future development, we also plan to incorporate structural visualization tools such as Mutation Position Imaging Toolbox (MuPIT) \[Niknafs et al., [@b47]\] and data visualization tools like SGVizler \[Skjæveland, [@b60]\]. These tools are expected to enhance the usability of ProKinO and, consequently, accelerate the functional characterization of the cancer kinome.
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